Upconversion represents an anti-Stokes process, which involves the sequential absorption of two or more photons in the infrared (IR) or near infrared (NIR), leading to luminescence at a shorter wavelength, typically in the visible (Vis) or ultraviolet (UV). In inorganic systems, UC is based on the availability of multiple long-lived, metastable excited states, typically encountered in rare-earth elements. In recent years, the successful synthesis of colloidally stable solutions of monodisperse upconverting nanoparticles (UCNPs) with diameters on the order and less than 50 nm has opened up new opportunities in this general area [1] .However, the conversion efficiency of UCNPs is much lower than their bulk counterparts, something that imposes a serious challenge in utilizing these nanoparticles in most applications. Substantial effort has been dedicated in improving the UCNPs' upconversion efficiency by engineering their surface chemistry, designing new host media in crystalline and/or amorphous phases, and by introducing a variety of assisting dopants to facilitate nonlinear energy transfers. Clearly, for a given UCNP, the efficiency is predetermined by the chemistry and synthesis methods used. Yet, as indicated in a number of studies, it is possible to further boost the UCNPs' luminescence by appropriately engineering the electromagnetic environment they are embedded in. Most such efforts however involved in decorating an individual UCNP by a number of metallic nanoparticles [2] . Here we study the use of metallic nanocavities as a platform to substantially enhance the upconversion emission.
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In this paper, using a cross-shape silver nanocavity (shown in Fig. 1a ), we experimentally demonstrate a record high, 170-fold, upconversion enhancement from NIR (980 nm) to the UV band (centered at 345 nm) in β-NaYF 4 : Gd 3+ /Yb 3+ /Tm 3+ @NaLuF 4 core-shell nanoparticles. Here, we systematically investigate the UV and visible upconversion enhancement in a number of nanoresonators as well as in several metal platforms including silver (Ag), aluminum (Al), and gold (Au). The nanocavities studied in this work are composed of metallic walls and bottom film, encapsulating the UCNPs dispersed in a polymer (PMMA). Our simulation shows that the increased upconversion can be attributed to the presence of the metallic resonator that provides higher absorption at NIR (up to 16 times more absorption compared to the plane film-shown in Fig. 1b) , larger electromagnetic local density of states (simulation result in Fig. 1c) , and more efficient light outcoupling (simulation result in Fig. 1d ) [3] .
In order to experimentally characterize upconversion enhancement in the presence of plasmonic resonators, several nanocavities containing UCNPs embedded in PMMA are constructed. In this study, we focus our attention on the conversion efficiency from NIR to four spectral bands in the lower visible and UVA frequencies, corresponding to peaks appearing at approximately 475, 450, 360, 345 nm. The fabricated samples can be divided into three categories: (i) those containing arrays of nanocavities, (ii) a thin-film of UCNP-PMMA on glass, (iii) those with a thin-film of UCNP-PMMA on a metal layer. A collective study is carried out to compare various cavity designs as well as different metal platforms. The fabrication procedure was found not to cause aggregation of nanoparticles inside the cavity-an undesired effect that can lead to excess non-radiative transitions and quenching. In order to facilitate the measurements and reduce the effect of fabrication imperfections, we obtain the average performance of an array of identical nanocavities extending over an area of approximately 100x100 μm 2 . Each unit cell has dimensions of 1x1μm 2 and the fill factor for all nanocavities studied is less than 50%. These samples are then optically excited by a 980 nm continuous wave laser beam focused on an area of ~ 80 μm 2 . All experiments are performed at a fixed pump power of ~150 mW. The luminescence from the UCNPs in the visible and UV is then directed to a spectrometer followed by a lock-in detection scheme (lock-in amplifier and GaP detector) in order to collect the spectrally resolved upconversion emission. The set-up is equipped with a built-in confocal microscope to adjust the location of the pump beam with respect to the patterns. Figures 3a-c display the measured emission spectra collected from a variety of nanocavity arrays, form UCNP-films on glass, as well as UCNP-films on metal layers. The emission spectra are all measured based on the same unit of intensity. Figures 2a-c display the measured emission spectra collected from a variety of nanocavity arrays, from UCNP-films on glass, as well as UCNP-films on metal layers. The emission spectra are all measured at the same input irradiance.
Figure 2a-c shows, for all cavity configurations, silver structures outperform their gold and aluminum counterparts. In determining the enhancement factor associated with a single cavity, the geometric ratio between the area occupied by the plasmonic nanocavity with respect to the total area of a unit cell in each array system (for the cross-shape cavity this ratio is 0.03) must be taken into account. Once this aspect is factored in, the cross-shape silver cavity is the one having the largest upconversion efficiency of 170-fold at the spectral band around 345 nm. This is the highest conversion efficiency ever reported at UV frequencies. Figure 2d summarizes the enhancements associated to a variety of plasmonic nanocavities when compared to the unpatented UCNP films on glass.
In conclusion, encapsulating an ensemble of UCNPs in a metallic nanocavity provides a new route towards more efficient UCNP systems. The improved upconversion rates are attributed to the increased absorption at near infrared, the higher density of photonic states and, the effective emitting properties of metal cavities. Similar nanocavities containing UCNPs dispersed in a biodegradable polymer could be a viable vehicle for drug delivery applications.
